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Abstract 
 
 
Strong magnetoresistance effects are often observed in ferromagnet-nonmagnet 
multilayers, which are exploited in state-of-the-art magnetic field sensing and data 
storage technologies. In this work we report a novel current-perpendicular-to-plane 
magnetoresistance effect in multilayer graphene as-grown on catalytic nickel surface by 
chemical vapor deposition. A negative magnetoresistance effect of ~104% has been 
observed, which persists even at room temperature. This effect is correlated with the 
shape of the 2D peak as well as with the occurrence of D peak in the Raman spectrum of 
the as-grown multilayer graphene. The observed magnetoresistance is extremely high as 
compared to other known materials systems for similar temperature and field range, and 
can be qualitatively explained within the framework of “interlayer magnetoresistance” 
(ILMR). 
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Artificial layered structures often exhibit strong magnetoresistance (MR) effects that are 
exploited in various data storage and magnetic field sensing technologies1. Graphite is a 
naturally occurring layered material in which single graphitic layers (or “graphene”) are 
stacked on each other. Graphene, epitaxially grown on ferromagnets (such as nickel), is 
particularly attractive for spintronics because such systems can potentially realize perfect 
spin filtering2 and giant Rashba splitting3. However, CPP (current-perpendicular-to-
plane) MR properties of such layered graphene/ferromagnet structures are still largely 
underexplored. Here we consider multilayer-graphene (MLG) as-grown on nickel by 
chemical vapor deposition (CVD) and show that these structures exhibit large and nearly 
temperature-independent CPP-MR of ~ 104% for a small magnetic field of ~ 2 kilogauss. 
This MR effect is correlated with the shape of the 2D peak and also with the occurrence 
of the D peak in Raman spectrum of as-grown MLG. These Raman features can be 
controlled by varying the CVD growth parameters. Such large negative CPP-MR, which 
persists even at room temperature, has hitherto not been reported in any graphitic 
system4–14. 
 
Figure 1a shows the device schematic. CVD growth of MLG is performed on 2 cm × 2 
cm nickel (Ni) foils, which act as catalyst for graphene growth as well as bottom 
electrical contact. To ensure uniform current distribution6, the second contact is 
fabricated at the center of the top MLG surface using silver epoxy. Area of the top 
contact is ~ 1 mm2. As shown in Figure S1 (section I, Supplementary Information), the 
Ni substrate is polycrystalline with primarily (111) grains. Details of the fabrication 
process are provided in section I of Supplementary Information. 
 
Figure 1b shows a FESEM image of the as-grown large-area MLG on Ni. Raman spectra 
taken from three representative regions of this sample are shown in the top inset of Figure 
1b. The top Raman spectrum (black line) is most commonly observed, with few 
occurrences of the other two (blue and red). The strong G peak (~ 1580 cm-1) indicates 
formation of hexagonal lattice of carbon atoms. The absence of disorder-induced D peak 
(~1360 cm-1) indicates extremely low density of defects. We note that no D peak has 
been found in any area of the sample. The 2D peak (~ 2700 cm-1) is weaker compared to 
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the G peak, has a wide linewidth of ~ 50 cm-1, and its position is slightly upshifted 
compared to single layer graphene15. These features indicate presence of multiple 
graphene layers15–17, which has been independently confirmed by transferring the MLG 
on SiO2/Si substrate15,18 (section II, Supplementary Information). Average thickness of 
MLG has been found to be ~ 200 nm (Figure S2).  
 
Unlike HOPG (Highly Oriented Pyrolytic Graphite), the 2D lineshape of the as-grown 
MLG samples does not exhibit any clear “shoulder” peak at the lower frequency side of 
the 2D band or any pronounced “splitting” (Figure 1b). Such absence of “shoulder” peak 
and splitting has been observed before in CVD-grown MLGs and turbostratic graphite 
15,16,19,20. However, such features appear after transferring the MLG on SiO2/Si substrate 
(Figure S2).  
 
We note that the typical penetration depth of Raman laser into graphite is ~ 50-100 nm21–
24 and hence the Raman data in Figure 1b conveys information about the graphene layers 
away from Ni/MLG interface. These layers are free from any crystal defect as evidenced 
by the absence of Raman D peak mentioned above. As described later, thinner MLG 
specimens exhibit a Raman D peak that originates from the defects at the Ni/MLG 
interface and the layers close to the interface. Thus the as-grown MLG on Ni has two 
distinct regions:  (a) Ni/MLG interface and layers close to this interface (“defective 
region”) and (b) layers away from Ni/MLG interface (“defect-free region”). 
 
Figure 2 shows the magnetic field (𝐵) dependence of the “current-perpendicular-to-
plane” (CPP) resistance (𝑅!!) at various temperatures (𝑇). CPP-MR depends strongly on 
the direction of the magnetic field. For “B in plane” geometry (𝐵 ⊥ 𝐼 or, 𝜃 = 𝜋/2 in 
Figure 1), a weak positive MR of ~ 3% or less is observed (insets of Figure 2), which 
gradually becomes weaker as the temperature is increased. Here magnetoresistance (MR) is 
defined as 𝑅!! 11𝑘𝐺 − 𝑅!! 0𝐺   ×  100% 𝑅!!(11𝑘𝐺). However, in “B normal to plane” 
geometry (𝐵 ∥ 𝐼 or, 𝜃 = 0 in Figure 1), resistance decreases drastically as 𝐵 is increased 
and this negative MR persists over the entire temperature range of 10 – 300K.We note 
that the amount of resistance change is extremely large, ~ two orders of magnitude over a 
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moderate field range of ~  2𝑘𝐺. Semiclassical models do not predict such effects since 
Lorentz force on charge carriers is zero in 𝐵 ∥ 𝐼 configuration. Multiple devices (~ 30) 
have been tested and large resistance change (minimum by a factor of two, i.e. MR ~ 
102%) has been recorded in most cases (~ 20)25. 
 
To gain further insight into CPP charge transport we have performed temperature and 
magnetic field dependent current-voltage (I-V) measurements on the devices reported in 
Figure 2. Previous works have modeled CPP transport as a combination of in-plane (xy) 
charge transport in constituent layers, and phonon- or impurity-assisted interlayer (z) 
charge transfer12,26,27. For a disorder-free system, the latter exhibits insulator-like 
temperature dependence (d𝑅!! d𝑇 < 0)26,27. In-plane resistance (𝑅!"!!"#$%), on the other 
hand, has a metal-like temperature dependence (d𝑅!"!!"#$% d𝑇 > 0)26,27. However, 
recently it has been shown that in-plane resistance of CVD-grown graphene can also 
exhibit insulator-like temperature dependence28. As shown in Figure 3a, we observe an 
insulating behavior of the CPP resistance in our samples. In-plane resistance in our 
samples also exhibits insulating behavior (Supplementary Information, Section III), 
which is consistent with ref. 28. However, in-plane resistance does not show any strong 
negative MR effect in presence of an out-of-plane magnetic field. Instead, it only shows a 
weak positive MR effect (Supplementary Information, Figure S3), which is consistent 
with previous studies13. In-plane transport in graphene nanoribbons can lead to large 
negative MR in presence of an out-of-plane magnetic field29–31. However this effect 
occurs over a field range of several Teslas and is qualitatively different than the MR 
effects reported in Figure 2. Thus the in-plane charge transport component is not 
dominant in the measured CPP resistance and the large negative MR observed in Figure 2 
must originate from interlayer charge transport (along 𝑧) between the graphene layers. 
We note that the insulating behavior of CPP resistance (or, 𝑅!!) in Figure 2 persists both 
under zero field and high field conditions (Figure 3a), which excludes “magnetic field 
induced metal-insulator transition”6 as the possible mechanism behind the observed large 
CPP-MR effect. Ref.6 reported a positive MR in graphitic samples, which is associated 
with metal-insulator transition. Here, on the other hand, we observe a negative MR and 
our devices remain insulating over the measured magnetic field range (Figure 3a). 
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The current-voltage (I-V) characteristics are linear (Figure 3b) over a bias range of [–
1mV, 1mV], which indicates that CPP-MR is independent of bias at least in ±1 mV 
range. The zero-field I-V characteristics are also linear in this bias range as shown in 
Figure S4 (Supplementary Information). Thus “magnetic field induced shifting of current 
path” appears to be an unlikely mechanism behind the observed MR effect. Further, as 
mentioned before such mechanism is virtually ineffective in the 𝐵  ||  𝐼 geometry due to 
the absence of Lorentz force. This mechanism is strongest in the 𝐵 ⊥ 𝐼 geometry, but we 
have observed significantly weaker MR in this case (Figure 2, insets). We note that 
similar linear I-V characteristics have been reported before for c-axis transport in 
multilayer graphene stacks12. Resistance values measured at a higher current bias (1 mA, 
Figure 3a) match reasonably well with the slopes of the I-V curves in Figures 3b, S4. 
Thus it appears that the linearity of the I-V curves is maintained over a relatively wide 
current bias of 1mA. We avoid applying even larger bias in order to prevent sample 
damage due to large out-of-plane electric field in the CPP geometry. 
To explore the role of the Ni/MLG interface and nearby graphene layers, we have studied 
Ni-grown MLG samples, in which the thickness of MLG is ~ 15-20 nm (Figures 3c, d). 
CVD growth conditions have been kept the same as before (section I, Supplementary 
Information). Smaller thickness of Ni substrate (~ 600 nm, e-beam evaporated) has been 
used in this case to obtain thinner MLG. These thinner specimens show a pronounced 
defective (D) peak in the Raman spectrum (Figure 3c), which was not present in the 
thicker samples (Figure 1b). This is expected since it is well known that layers close to 
the Ni surface do not resemble graphene-like behavior due to strong overlap between 3d 
states of Ni and 2pz states of carbon32. For example, these interfacial layers have been 
known to exhibit a band gap, presence of electronic states in the band gap and absence of 
Dirac point32. Layers grown on top of these defective layers are expected to contain 
defects as well, which is consistent with the Raman data in Figure 3c. 
We have only observed a very weak positive CPP-MR (~ 0.3%) response from this 
“defective region” (Figure 3d). This indicates that the large negative CPP-MR effect 
reported in Figure 2 does not directly originate from the “defective region” close to the 
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Ni/MLG interface. The “defective region” also exhibits weak metallic temperature 
dependence of CPP resistance (Figure 3d), which is opposite of what is observed in the 
thicker specimens (Figure 3a). The resistance of Ni contact itself is ~ 1% of overall CPP 
resistance and it does not exhibit any measurable MR (Figure S5, Supplementary 
Information). All these evidences indicate that the transport behavior in Figures 2 and 3a, 
b is not limited by the “defective region” in the vicinity of Ni/MLG interface, but is 
governed by the “defect-free region” located away from the Ni/MLG interface. In section 
III of Supplementary Information we have shown that MLG/Ag paste contact resistance 
does not play any role either in the observed large negative CPP-MR.  
To our knowledge, CPP-MR of as-grown MLG on Ni has not been studied previously 
and the large negative CPP-MR observed in Figure 2 has not been reported before in any 
graphene-based system.  However, growth on Ni substrate alone is not sufficient for 
observation of the large negative CPP-MR effect. As described above, this effect is 
absent in MLG that exhibits Raman D peak. The negative CPP-MR originates from the 
“defect-free region” away from the Ni/MLG interface and has been found to be 
correlated with the 2D lineshape in the Raman spectrum of the “defect-free region”. As 
mentioned before, the devices characterized in Figures 1 and 2 do not exhibit any 
significant splitting or HOPG-like shoulder peak in the 2D Raman band and large 
negative CPP-MR is observed in these samples. We have grown MLG samples of similar 
thickness (~ 200 nm, on Ni) that exhibit HOPG-like shoulder peak in the Raman 2D band 
of the “defect-free region” (Figure 4a), by controlling the CH4:H2 ratio during CVD33. 
Such samples have not shown any negative CPP-MR, but showed positive CPP-MR 
instead, with magnetic field-dependent metal-insulator transition (Figure 4b). These 
features are consistent with prior CPP measurements performed on HOPG6. Further, we 
have performed CPP measurements on commercially available thick (~ 100 nm) MLG on 
Ni (Graphene Supermarket). The 2D Raman bands from the “defect-free region” of these 
samples exhibit pronounced splitting (Figure 4c) and these samples show no large 
negative CPP-MR (Figure 4d). Thus we conclude that the large negative CPP-MR 
originates from the graphene layers that are free of crystal defects (Raman D band is 
absent) and that are characterized by distortion-free 2D Raman band. The thinner 
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specimens (Figures 3c, d) show a distortion-free Raman 2D band, but it is accompanied 
by a Raman D band and no large negative CPP-MR has been observed in this case. 
 
Negative MR in the vicinity of zero magnetic field can originate from three sources: (a) 
weak localization12, (b) spin filtering and associated giant magnetoresistance (GMR) 
effect2 and (c) interlayer tunneling between zero mode Landau levels34–37. Negative MR 
originating from weak localization gradually diminishes with increasing temperature due 
to reduction of phase coherence time at higher temperatures12. In our MLG/Ni samples 
(Figure 2) however, the negative MR is relatively insensitive to temperature. 
Additionally, the shape and angle dependence of MR in Figure 2 are qualitatively 
different than that observed in the case of weak localization and for thick samples such as 
ours this effect is not expected to occur12. Finally, the negative MR effects shown in 
Figure 2 are orders of magnitude stronger than a typical weak localization related effect 
in similar system12. Therefore it is unlikely that the MR response shown in Figure 2 
originates from weak localization. 
 
Very recently a novel “perfect spin filtering” effect has been proposed in MLG CVD-
grown on (111) Ni2. Due to very high degree of spin filtering (~ 100%), such effect can 
give rise to very large negative MR. According to this theory, perfect spin filtering is 
achieved due to special energy band alignment at (111) nickel/graphene interface, which 
promotes transmission of only minority spins through the graphene2. Presence of multiple 
graphene layers (3− 4 or more) quenches any tunneling conductance of majority spins. 
However in our case such spin-dependent transport cannot be used to explain the 
observed MR. This is because our device (Ni/MLG/Ag) is not a “spin valve” type device 
since the top electrode (Ag) is non-magnetic. Thus, unlike ferromagnetic contacts, this 
electrode is not able to differentiate between various spin orientations. Thus we believe 
that the observed large MR in Figure 2 is not due to this spin filtering effect.  
Negative MR can also arise from an interlayer tunneling mechanism, which is often 
dubbed “interlayer magnetoresistance” or ILMR 34–37. This effect is observed in a stack of 
two-dimensional (2D) massless Dirac electron systems. The interlayer coupling between 
these 2D layers should be sufficiently weak so that the entire system can be viewed as a 
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stack of 2D systems instead of a bulk 3D material. In such systems out-of-plane charge 
transport occurs via interlayer tunneling. Such interlayer current can be tuned by a large 
factor by applying an out-of-plane magnetic field. The physical origin of this ILMR 
effect is described below. 
For a stack of weakly coupled 2D massless Dirac electron system in absence of any 
magnetic field, electronic dispersion of each layer can be modeled by a linear E-k 
spectrum (or “Dirac cone dispersion”) with Fermi level located at the Dirac points38. 
Density of states (DOS) is small at the vicinity of the Dirac point, since it depends 
linearly on energy measured from the Dirac point38. When an out-of-plane electrical bias 
is applied, carriers tunnel from one layer to the next. In this case small tunneling current 
is expected due to low DOS near the (quasi) Fermi level of each layer. 
When an out-of-plane magnetic field is applied, linear E-k dispersion of each layer 
converts into a series of Landau levels, with a (zero mode) Landau level located at the 
Dirac point38. Out-of-plane charge transport will now occur via interlayer tunneling 
between the zero mode Landau levels. The degeneracy of the Landau levels increases 
with magnetic field. Thus with increasing magnetic field, degeneracy of the zero mode 
Landau level will increase, giving rise to larger interlayer tunneling current. This is the 
origin of large negative MR and is dubbed ILMR34–37.  
If the magnetic field is in-plane, it exerts Lorentz force on the electrons traveling out-of-
plane and bends their trajectories. As a result, with increasing in-plane magnetic field 
effective interlayer tunneling distance increases, resulting in weaker tunneling probability 
and hence smaller interlayer tunneling current. Thus a weak positive MR is observed 
when the magnetic field is in-plane. 
The stack of two-dimensional massless Dirac electron systems can be realized by 
stacking multiple graphene layers provided the interlayer coupling is sufficiently weak. 
Further, in order to observe the above-mentioned effect one has to ensure that out-of-
plane charge transport occurs primarily via interlayer tunneling and not via some 
conductive defect states electrically shorting neighboring graphene layers. As described 
below, in our devices (Figures 1, 2) both of these conditions are fulfilled by the graphene 
	   9 
layers in the “defect-free region” (i.e. layers away from the Ni/MLG interface). 
We note that the lack of pronounced splitting (or lack of HOPG-like “shoulder peak”) in 
the 2D band of the Raman spectrum (Figure 1b) indicates weak interlayer coupling in the 
“defect-free region” of these samples. The 2D band in the Raman spectrum of 
(monolayer) graphene originates due to a 2nd order, two-phonon, “double resonance” 
process, which has been analyzed extensively by various theoretical and experimental 
techniques16,39–43. Briefly, in this process first an electron-hole pair is created around K 
valley by a laser photon. Next, the electron is scattered by a (iTO) phonon to K’ valley. 
Then the electron is scattered back to the K valley by another iTO phonon. This electron 
then recombines with a hole and emits a photon. For monolayer graphene this process 
leads to a single Lorentzian 2D peak in the Raman spectrum. Now, for bilayer/trilayer 
graphene or graphite the single electronic dispersion curve of monolayer graphene is split 
into multiple branches due to interlayer coupling38. As a result above-mentioned double-
resonance scattering processes can take place between various branches, resulting in 
multiple slightly-shifted Lorentzian peaks. The resultant 2D band is a combination of all 
these Lorentzians and therefore loses its symmetrical shape and shows signs of splitting 
and distortion. In particular, for bilayer graphene four double-resonance processes can 
occur resulting in four Lorentzians in the vicinity of ~ 2700 cm-1. The resultant 2D band 
is the combination of these four components and no longer represents a Lorentzian. 
Similarly, for trilayer graphene fifteen different transitions are possible and the 2D band 
consists of fifteen Lorentzians in the vicinity of ~ 2700 cm-1 16. 
However, if interlayer coupling is weak, splitting of electronic dispersion is negligible 
and therefore splitting of Raman 2D band is also negligible. We note that weak interlayer 
coupling and absence of splitting in the 2D Raman band are common features of CVD-
grown MLGs and have been reported by many groups in the past15,16,19,20. Ref.44 
employed Landau level spectroscopy to demonstrate weak interlayer coupling in 
graphene layers CVD-grown on Ni. The correlation between CPP-MR and 2D lineshape 
as described before indicates that the observed large negative CPP-MR effect originates 
from the weakly coupled graphene layers.  
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The weak interlayer coupling and resulting (quasi) two-dimensional picture described 
above is valid when the nearest-neighbor interlayer coupling (or interlayer transfer 
energy 𝑡c) is sufficiently small compared to thermal (𝑘B𝑇) and disorder-induced (Γ) 
broadening. Since we have observed giant negative magnetoresistance even at the lowest 
temperature of 10𝐾 for which Γ ~ 30𝐾45, clearly 𝑡c  <  30K ≈ 2.6 meV. This matches 
reasonably well with ref.46, which calculated 𝑡c ~ 5 𝑚𝑒𝑉 for quasi two-dimensional 
carriers in graphite. For HOPG samples, on the other hand, 𝑡c ~ 0.39 𝑒𝑉  14  ≫  𝑘B𝑇, Γ and 
the above quasi two-dimensional picture does not hold for 𝑇 ≤ 300𝐾. The Raman 2D 
band of HOPG is also asymmetric with a pronounced shoulder peak (Figure 4a, Figure 
S8). Thus no ILMR effect is expected in HOPG, which is consistent with our control 
experiments on HOPG-like sample (Figure 4b) and previous work6.  
As mentioned before, presence of defects is negligible in the “defect-free region” of thick 
MLG samples grown on Ni foil (both home-made and purchased). For MLG-on-Ni, both 
fcc and hcp domains can form during CVD growth, depending on the adsorption sites of 
the carbon atoms47. According to ref.47, the grain boundaries between these domains are 
often “delaminated” from the substrate and MLG tends to bulge away from the substrate. 
These features allow matching of fcc and hcp domains by a continuous sheet of graphene, 
without formation of defects at the domain boundaries. In our MLG-on-Ni samples we 
have observed similar bulging features as shown in the Supplementary Information 
(Figure S6). This is presumably the reason for absence of D peak in the “defect-free 
region” of our MLG-on-Ni samples. Thus weak interlayer coupling is preserved in the 
“defect-free region” of MLG-on-Ni samples described in Figures 1 and 2 and in this 
region CPP charge transport primarily occurs via interlayer tunneling and not via 
conductive defect states. 
 
The thin MLG samples (~ 15 – 20 nm) as-grown on Ni also show symmetric 2D Raman 
peak (Figure 3c). However, unlike thicker specimens, these are accompanied by defect 
(D) peak and CPP transport is fundamentally different from the thicker samples (Figure 
3). In these thinner samples CPP charge transfer primarily occurs via defect states instead 
of any interlayer tunneling. As a result no large negative CPP-MR is observed in these 
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thinner samples. 
We have studied CPP-MR of MLG samples as-grown on Cu (Supplementary 
Information, section VII). Such devices have been studied by other groups in the past12 
but no large negative CPP-MR (similar to Figure 2) was reported. Samples grown on 
copper typically show symmetric 2D peak (Supplementary Information, Figure S7(a)) 
and therefore large negative CPP-MR is expected in these samples as well. However, the 
copper-grown MLG samples also exhibit significant defect peak (~1360 cm-1, Figure 
S7(a)) in the Raman spectrum, which originates from the grain boundaries and also as a 
result of the fabrication process12,48. The edge states at the grain boundaries are known to 
be conductive49 and can effectively short the neighboring graphene layers. In this case 
CPP charge transport will primarily occur via the conductive edge states instead of 
interlayer tunneling. This is presumably the reason for absence of large negative CPP-
MR in Cu-grown samples. Transport through edge states and defects however results in a 
weak negative CPP-MR at low temperature due to weak localization and this effect has 
been observed by us (Figure S7(b)) and is consistent with literature12. 
 
Summarizing the above discussion, we conclude that for the samples in Figures 1, 2 the 
graphene layers in the “defect-free region” (i.e. away from the Ni/MLG interface) are 
characterized by distortion-less 2D band and absence of D band in the Raman spectrum. 
Thus in this region interlayer coupling is weak and charge transfer via conductive edge 
states (defects) is absent. Due to weak interlayer coupling, CPP resistance is dominated 
by these weakly coupled layers and a large zero-field CPP resistivity is observed 
compared to typical HOPG samples6. CPP charge transfer in these layers takes place only 
by interlayer tunneling and results in a large negative ILMR in presence of an out-of-
plane magnetic field. Thus the primary role of the Ni substrate is to realize graphene 
layers that are weakly coupled and are not electrically shorted with each other via 
conductive edge states. Our CVD growth parameters (Supplementary Information, 
section II) allow us to simultaneously satisfy both of these conditions.  
Varying the growth parameters can give rise to strong interlayer coupling characterized 
by split or HOPG-like 2D band in Raman spectrum (Figures 4a, c). Similarly in case of 
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commercially available HOPG, interlayer coupling is strong as well (Supplementary 
Information, Figure S8). Growth on Cu leads to formation of defect states at grain 
boundaries (Figure S7), which effectively short neighboring graphene layers. In all of 
these cases no ILMR has been observed. We have also transferred the Ni-grown MLG on 
Au and Ni electrodes (patterned on a SiO2/Si substrate) and have performed CPP-MR 
measurements (Supplementary Information, section IX). As mentioned before, unlike as-
grown MLG these transferred samples exhibit a shoulder in the 2D Raman band that 
arises as a result of the transfer process (Figure S2). Thus interlayer coupling is adversely 
affected as a result of transfer and we have not observed any large negative CPP-MR, but 
found weak positive CPP-MR instead (Supplementary Information, Figures S9, S10), 
which is consistent with prior studies6,12,14.  
According to the interlayer tunneling theory34, interlayer conductivity 𝜎!! (which is 
proportional to the inverse of measured interlayer resistance Rzz) is  proportional to the 
out-of-plane magnetic field |B| and is given by: 
𝜎!! = 2𝐶𝜏 𝐵 𝑡!!𝑐𝑒!𝜋ℏ!  
where 𝜏 is the characteristic lifetime associated with Landau level broadening (or 
relaxation time for in-plane scattering), tc is the interlayer transfer energy estimated to be 
~ 2meV for weakly coupled graphene layers (as discussed earlier), c represents interlayer 
spacing (~ 0.342 nm for turbostratic graphite with weakly coupled graphene layers), e is 
the electronic charge and ℏ is reduced Planck constant. It has been shown34 that C is 
~1/𝑘!𝑇 for “high temperatures” for which 𝑘!𝑇 > 𝑡! ,ℏ/𝜏. This condition is satisfied at 
almost all temperatures (above ~ 30K) considered in this work and hence C can be 
equated to  1/𝑘!𝑇. Now since 𝜏 is expected to decrease with increasing temperature, we 
expect the slope of 𝜎!! − |𝐵| curve to decrease with increasing temperature. 
 
To check the validity of this model, first we have fitted 1/Rzz as a function of B as shown 
in Figure 5. A clear linear fit is observed in the vicinity of ~ 2 kG, where the negative 
MR occurs. Further as mentioned above, the slope of 1/Rzz vs. B is expected to decrease 
with increasing temperature, which is also consistent with Figure 5. 
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However we note that this model is not valid in the low field regime (~ 0 kG) where inter 
Landau level mixing plays a dominant role35,36. This model also does not hold at high 
magnetic fields (> ~ 3kG) where additional level splitting (due to effects such as spin-
orbit interactions) may become important. We note that a strong Rashba type splitting has 
been reported in graphene/Ni composites3, which can become further pronounced in 
presence of high magnetic field. Such additional level splittings will clearly affect the 
high field CPP-MR. Such effects are not captured by the interlayer tunneling model 
described above. Additionally, strain in graphene layers can result in strong out-of-plane 
pseudo-magnetic field (~ 300T), which mimics the externally applied field and gives rise 
to pseudo Landau levels50. Stacking misorientations in graphene layers can result in 
strong in-plane pseudo-magnetic field51. These effects may play a role in quantitative 
understanding of the observed MR effect. 
The observed angle dependence of the CPP-MR response (Figure 2) is also consistent 
with the interlayer tunneling theory. As described before, in 𝐵 ⊥ 𝐼 configuration, 
classical Lorentz force bends carrier trajectory to the direction parallel to the MLG plane, 
which reduces interlayer tunneling probability and results in a positive MR. Such bending 
becomes less pronounced at higher temperatures due to thermal fluctuations. As a result, 
the positive CPP-MR effect weakens with increasing temperature as observed in Figure 
2. 
 In Figure 2, the shape of the low-field MR response (+/- 2 kG range) is strongly 
dependent on temperature. At low temperatures (10 – 80K) the low-field MR response is 
“smooth-topped” with gradual variation in the neighborhood of zero field, but at higher 
temperature (160K, 250K) the low-field MR response becomes “flat topped”. This 
indicates that at higher temperature a competing positive (low-field) MR effect emerges 
that offsets the negative (low-field) MR and makes the net (low-field) MR flat-topped. At 
300K, the positive MR effect is quite dominant and we see a weak net positive MR effect 
in the near vicinity of the zero field. As described below, the “interlayer tunneling” model 
mentioned above can be used to obtain a qualitative understanding of the temperature-
dependence of low-field MR curves. 
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 According to the interlayer tunneling model, the low-field MR response results from a 
competition between the following two mechanisms: (a) interlayer tunneling between the 
zero-mode Landau levels, which gives rise to negative MR and this effect becomes 
dominant as the magnetic field is increased due to an increase in Landau level degeneracy 
and (b) a positive MR effect, which originates from inter-Landau level mixing due to 
thermal broadening35. The positive MR effect is only effective at low field range and 
higher temperature, where inter-Landau level spacing is comparable to thermal 
broadening. In presence of inter-Landau level mixing, interlayer carrier transfer is not 
perpendicular to the plane, which results in a positive MR. We observed such effects for 
temperatures 160K and 250K (Figures 2d, e), at which the positive MR effect offsets the 
negative MR effect in the vicinity of zero field and results in a flat-topped MR response 
near zero field. At 300K (Figure 2f) the positive MR exceeds the negative MR and hence 
we observe a small net positive MR near zero field. At 10K, 30K and 80K (Figures 2a, b, 
c) thermal broadening is negligible, which suppresses the positive MR effect and only 
negative MR is observed at low field.  
Figure S11 (Supplementary Information) shows the temperature dependence of the 
“switching field (BSW)” at which sharp drop in CPP resistance takes place due to the 
negative MR effect. In this plot BSW is taken to be the field value at which resistance 
decreases to 50% of its zero-field value and BSW essentially demarcates the low field 
region from the high field region. We note that the switching field as defined above is not 
necessarily same as the “critical magnetic field” required to achieve “quantum limit”34. 
As described before, the low field MR is a result of two competing processes and 
negative MR effect should be dominant when the inter Landau level mixing is not 
significant (but not necessarily zero). In order to reduce inter Landau level mixing, 
spacing between neighboring Landau levels should be made comparable (or larger) than 
thermal broadening of the Landau levels. Inter Landau level spacing increases with 
magnetic field38 and thermal broadening increases with temperature. Thus at higher 
temperatures, negative MR will manifest at higher magnetic field. Thus Bsw is expected to 
show an increasing trend with temperature. This is consistent with Figure S11. 
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In conclusion, we have observed a novel giant negative CPP-MR (> 10!%) in MLG as-
grown on Ni, which persists even at room temperature. The negative MR manifests in 
thick multilayer samples in which the Raman 2D peak does not exhibit any significant 
splitting (or HOPG-like distortion) and the D peak is absent. Such features have been 
realized by controlling the parameters of the CVD growth process. The observed data is 
qualitatively consistent with the “interlayer magnetoresistance” (ILMR) mechanism in 
which interlayer charge transfer occurs between the zero mode Landau levels of weakly 
coupled graphene layers. Due to large MR value and its persistence at room temperature, 
this effect is expected to have commercial implications and encourage further research on 
MLG physics and  MLG growth mechanisms on ferromagnetic substrates. 
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Figure 1. Device Schematic and Raman Characterization. (a) Measurement geometry. 
The MLG (𝑥𝑦 plane) is grown on the bottom Ni substrate by CVD. CPP resistance 𝑅!! is 
measured between Ag and Ni contacts. (b) Field Emission Scanning Electron 
Microscopic (FESEM) image of as-grown MLG on Ni. Bottom inset shows the bare Ni 
surface. The Raman spectra (top inset) have been taken from three representative areas of 
the as-grown sample. The 2D bands do not show HOPG-like “shoulder” peak or any 
significant splitting. The D peak is not present anywhere. The top Raman spectrum (black 
line) is most commonly observed, with few occurrences of the other two (blue and red). 
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Figure 2. Magnetic Field Dependence of CPP Resistance 𝑹𝒛𝒛 in the Temperature 
Range 10 – 300 K for MLG/Ni Samples. For each temperature two orientations of the 
magnetic field have been considered: (i) 𝐵 ∥ 𝐼  (𝜃 = 0) and (ii) 𝐵 ⊥ 𝐼  (𝜃 = 𝜋/2). Giant 
negative magnetoresistance is observed in 𝐵 ∥ 𝐼 configuration whereas in 𝐵 ⊥ 𝐼 geometry 
weak positive magnetoresistance is recorded (insets), which becomes less pronounced at 
higher temperatures. Both scan directions are shown in each plot, indicating absence of 
any hysteresis. Each resistance value is the average of 50 readings. For 𝐵 ∥ 𝐼, minimum 
resistance (occurring at high fields) ~ 2 – 4 Ω as shown later in Figure 3a. 	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          Figure 3. CPP Charge Transport Characteristics of Thicker Samples and 
Control Experiments on Thinner Specimens. (a) 𝑅!!(𝑇) at zero field and high 
field indicate insulating behavior and absence of any field induced metal-insulator 
transition in thicker (~200 nm) samples. (b) 𝐼 − 𝑉 characteristics of thicker 
samples at four different temperatures, indicating bias independence of the CPP-
MR in ±1mV range. For zero magnetic field, current ~ few 𝜇𝐴 at 1mV bias. A 
zoomed-in image of the zero-field  I – V data is shown in Supplementary 
Information, section IV. (c) Raman spectrum of thinner (~ 15 – 20 nm) MLG 
samples as-grown on Ni, which shows a defect (D) peak and the inset shows 
typical step-height measurement. (d) Weak positive CPP-MR and metallic 
temperature dependence of CPP resistance Rzz (inset) of these thinner samples. 
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Figure 4. Raman and CPP-MR Characterization of Control Devices (CVD-grown 
MLG-on-Ni – Case of Distorted 2D Bands). (a) The 2D peak in the Raman signal 
shows a HOPG-like shoulder peak (inset). (b) 𝑅!! vs. 𝐵 in the 𝐵 ∥ 𝐼 geometry. A metal-
insulator transition is observed near ~1kG. (c), (d) Raman characteristics and CPP-MR of 
commercial MLG/Ni samples (from Graphene Supermarket). The 2D band in the Raman 
spectra is clearly distorted and no negative CPP-MR has been observed.	  
	   20 
	  
 
Figure 5. Inverse of CPP resistance (Rzz-1) as a function of out-of-plane magnetic field 
(B) in the vicinity of the switching fields (Bsw). A linear trend is observed at all 
temperatures. 	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Supplementary Information Available. 
 
Experimental details such as MLG growth, transfer, characterization of transferred MLG 
etc. are provided in the supplementary information file. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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Experimental Details. 
I. Growth of Multilayer Graphene (MLG) on Ni Substrates Using Chemical Vapor 
Deposition (CVD). 
Multilayer graphene (MLG) has been grown on polycrystalline nickel (Ni) substrates (25µm 
thick, annealed, 99.5% metal basis, purchased from Alfa Aesar) in a commercial Tystar chamber 
using a standard chemical vapor deposition (CVD) method1–4. Figure S1 shows the X-ray 
diffraction (XRD) spectrum of the Ni foil, indicating the presence of predominantly Ni (111) 
grains with a small population of Ni (100) grains. Similar polycrystalline Ni substrates have been 
used by various groups in the past for graphene growth1,4.  
CVD process flow consists of the following steps: (a) Ni substrate (~  2  cm  ×  2  cm in size) load, 
(b) furnace purge, (c) temperature ramp to 1000oC and hydrogen anneal for one hour, (d) 
graphene growth at 1000oC for 10 minutes, (e) natural cooling, and finally (f) unloading of the 
sample. We have used 0.3% CH4, 9.7% H2, and 90% Ar during the growth of graphene. This 
growth process results in absence of D peak and absence of significant splitting in the 2D peak in 
the Raman spectra (Figure 1b, main text). These features are correlated with the observation of 
large negative CPP-MR (Figure 2, main text). Higher relative concentration of carbon-containing 
species within the chamber leads to bulk graphite (HOPG-like) growth on the Ni surface3,5, 
which exhibits HOPG-like Raman 2D band (Figure 4a, main text). The hydrogen anneal step 
removes the native oxide layer and any adsorbate from the Ni surface. 
 
 
 
 
 
 
 
 
 
 
Figure S1: XRD spectrum of the Ni substrate used for CVD growth of MLG. 
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II. Transfer of MLG on SiO2/Si Substrate and Raman Characterization. 
In the main text, we have shown Raman spectra from representative regions of the as-grown 
MLG on Ni (Figure 1b, top inset). The MLG has also been characterized after transferring on 
SiO2/Si substrates. Transfer of MLG has been performed as follows2,3. We first spin coated 
PMMA on the top graphene surface. Since graphene growth takes place on both surfaces of the 
Ni foil, we removed the back graphene layer using plasma etching and exposed the Ni substrate. 
(Similar steps have been followed while preparing samples for magnetotransport measurements, 
where the Ni substrate acts as an electrical contact). The Ni substrate was then etched away using 
warm (~ 60oC) ferric chloride (FeCl3) solution. The etching process takes ~ 4 – 5 hours to 
complete. Upon completion of the etching step, MLG/PMMA composite film floats up in the 
FeCl3 solution. MLG/PMMA film was collected and thoroughly cleaned in deionized water. 
Next, the cleaned MLG/PMMA film was transferred on a SiO2 (300nm)/Si wafer. After 
overnight drying we heated the sample (~ 250o C) in a vacuum oven so that the graphene layer 
adheres strongly to SiO2 surface. Finally, top PMMA layer was dissolved in acetone, which left 
only MLG layer on SiO2 surface.  
Figure S2 (a) shows typical Raman characteristics of transferred MLG. All Raman spectra in 
this work have been acquired at room temperature using a Nicolet Almega XR Micro and Macro 
Raman Analysis System. Laser wavelength is set to 532nm (2.33eV). Maximum power is set to 
24mW, 100% of which has been used for all studies. No evidence of laser induced heating6 has 
been found in any case.  Unlike as-grown MLG, the 2D band in the Raman spectrum resembles 
HOPG-like 2D band with a shoulder in the lower frequency range of the band. Such change in 
Raman characteristics has been observed before by other groups1,3,7and can be attributed to the 
above-mentioned thermal processing steps involved in the transfer process. 
 
Annealing or heat treatment indeed causes “graphitization” of turbostratic graphite. For example, 
ref.7  started out with a turbostratic graphite sample in which the 2D peak is symmetric and does 
not show any splitting. For this sample as discussed in the main text, interaction between the 
basal planes is weak enough so that the splitting in the π electrons’ dispersion energies does not 
occur resulting in a single Lorentzian in the 2D band. However after heat treatment, the 2D band 
resembles the shoulder-like shape of HOPG, indicating splitting of the π electrons’ dispersion 
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energies. Such splitting indicates presence of significant interlayer coupling as compared to the 
starting turbostratic sample. Presumably, the heat treatment gives rise to planar rearrangement of 
the carbon atoms, which stabilizes to stronger interlayer coupling (Bernal stacked) configuration 
after the sample is cooled. Our observation is consistent with this work because during the 
transfer process we have used high temperature (250oC) vacuum annealing to achieve substrate 
adhesion and reliable electrical measurements. 
 
On a related note, ref.8 observed change in the 2D band of monolayer graphene as a function of 
annealing temperature. In this case, however, interlayer coupling is irrelevant since the sample 
consists of only one layer of graphene. In this work the change in the 2D band has been 
explained by invoking the compressive stress induced by the SiO2 substrate. 
 
We did try to carry out (CPP) electrical measurements after transfer and without annealing. 
Unfortunately, without annealing, the electrical contact (and adhesion) between bottom electrode 
and transferred MLG was poor and we were unable to get reliable electrical measurements. The 
transferred MLG films tend to peel off the substrate in absence of annealing. Such poor contact 
and poor adhesion to the bottom substrate presumably results from water or air molecules 
trapped in a “dead space” between MLG and the bottom contact. Annealing helps to compress 
this “dead space” via desorption of such species and significantly improves the quality of the 
bottom electrical contact (after transfer) but unfortunately destroys the weak interlayer coupling. 
Improvement of surface adhesion upon annealing has also been observed by other groups9,10. 
 
There are other advantages of post-transfer annealing as well. For example, annealing is often 
used to desorb and decompose the chemical (primarily PMMA) residues that remain on graphene 
as a result of the transfer process9–11. Such residues cause unintentional doping of the graphene 
layers and results in a shift of the Fermi level from the Dirac point. Since the CPP-MR is due to 
interlayer tunneling between the zero mode Landau levels that are located at the Fermi levels, 
such shift in the Fermi levels is undesirable. Annealing is necessary to avoid this effect. 
 
We also note that the Ni etching step involves using hot (~ 60oC) FeCl3 solution for ~ 4-5 hours. 
Using cold/room temperature solutions does not etch Ni completely even after prolonged etching 
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and leaves significant amount of Ni residues. Use of hot solutions for long time during etching 
can also adversely affect the weak interlayer coupling.  
 
Thus such elevated temperature processes are necessary for proper transfer and electrical 
measurements of MLG and these processes adversely affect the interlayer coupling. Therefore as 
discussed in the main text we employed alternative control experiments in which such transfer 
steps are avoided (Figures 3c, d, 4). 
 
Figure S2 (b), (c) show optical microscopic images of the transferred MLG, which indicate 
presence of multiple layers of graphene. In Figure S2 (main image) we show the step height 
measurement, which indicates average thickness of MLG is ~ 200 nm. Wrinkles in the graphene 
layer are clearly visible, which is a characteristic of CVD-grown graphene5. 
 
 
Figure S2. Characterization of the MLG samples transferred on SiO2/Si. (a) Raman spectra, 
indicating HOPG-like distorted 2D band. (b), (c) Optical images of the transferred MLG. The 
main image shows the step height measurement. 
 
Transport measurements on such transferred samples have been reported in sections III and IX of 
this document. 
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III. In-plane MR of Transferred MLG and Estimation of Ag paste/MLG Contact 
Resistance. 
Devices for in-plane measurements have been fabricated in two different ways. In one method, 
MLG has been transferred on Au fingers patterned on SiO2 substrate. Au wires have been 
attached to these fingers by using Ag paste. Thus in these devices the MLG is actually contacted 
by Au fingers and not directly by Ag paste. Transfer process of the MLG has been described 
previously in section II of this document. In the second method electrical contacts are directly 
made on the top surface of transferred MLG by Ag paste. 
A digital image of the in-plane device and measurement geometry are shown in Figure S3 (a). 
Distance between neighboring electrical contacts is ~ 1mm. Contact area is ~ 1mm2 (same as in 
our CPP devices). Similar in-plane device dimensions have been reported in some recent work 
such as ref.s  12–14. 
In-plane resistance has been measured by both two-probe and four-probe methods. Devices 
contacted by Au fingers or Ag paste show nominally identical (in-plane) MR behavior. Since 
devices in which Ag paste contacts have been made directly on graphene are directly relevant for 
our study (since they allow estimation of Ag paste/graphene contact resistance), we present data 
from these devices in Figure S3 (b). 
Figure S3 (b) shows in-plane MR (measured in a four probe geometry, Ag-paste contacts directly 
made on MLG) of the transferred MLG sample. In-plane resistance exhibits insulating 
temperature dependence, which is consistent with ref.15. MR data has been taken in presence of 
an out-of-plane magnetic field. No strong negative MR signal has been observed. We only 
observe weak positive MR (~ 8% at 120K and ~ 7% at 300K). Thus the MR response reported in 
Figure 2 (main paper) must originate from out-of-plane carrier transport. 
We have evaluated the (zero magnetic field) contact resistance between Ag paste and MLG using 
two different methods. First, the two-point and four-point resistances have been measured 
(Figure S3 (c)) between the inner pair of contacts (B and C) in Figure S3 (a). Contact resistance 
has been estimated as [two-point-resistance – four-point-resistance]/2. Two-point and four-point 
data have been collected by Picotest M3500 multimeter as well as Keithley 2636 Dual Channel 
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Source Meter. Excellent agreement has been obtained between the readings of these two 
equipments.  
 
Figure S3. In-plane Measurements. (a) Four point measurement geometry and digital image of 
the device. Ag paste contacts have been made directly on MLG (contact area ~ 1mm2). Distance 
between neighboring contacts is ~ 1mm. Au pads have not been used in this study and they 
generally produce results nominally identical to those presented here. (b) In-plane four-point MR 
of transferred (Ni-grown) MLG. (c) Two-point and four-point in-plane resistance at zero 
magnetic field. Contact resistance has been estimated as half of the difference between two-point 
and four-point data. (d) In-plane two-point resistance vs. channel length (i.e. distance between 
the two contacts). Closed symbols and solid line fits correspond to zero magnetic field case 
whereas open symbols and dashed line fits correspond to the case when 11kG out-of-plane 
magnetic field is present. The linear trends extrapolated to zero channel length limit provide an 
estimate of the Ag paste/MLG contact resistance.  
 
 
	   8 
Next, we have plotted two-point resistance (zero magnetic field) as a function of the distance 
between contacts (or “channel length”) in Figure S3 (d). Two-point resistance has been found to 
increase linearly with increasing channel length. This linear trend, extrapolated to zero channel 
length limit, should give us an estimate of the contact resistance since contact resistance is 
independent of channel length. In Figure S3 (d) solid lines and filled symbols correspond to zero 
magnetic field measurements. Same current bias (1mA) has been used in all measurements (in-
plane two-point and four-point in Figure S3, out-of-plane in Figures 2 and 3(a)). 
Contact resistances estimated by these two methods match closely and in all cases contact 
resistance is ~ 1 – 3  Ohms. This value is two orders of magnitude smaller than the (zero field) 
CPP resistance reported in Figure 2.  Further, the contact resistance does not depend significantly 
on magnetic field. In Figure S3 (d) we also show the two-point-resistance vs. channel length data 
taken at 11kG (open symbols, dashed lines). As expected in presence of magnetic field resistance 
values are slightly higher compared to the corresponding zero magnetic field values (positive in-
plane MR effect). However they depend linearly on channel length and the extrapolated values in 
the limit of zero channel length match very well with the zero field case. Thus, Ag 
paste/graphene contact resistance does not play any crucial role in our reported CPP MR data. 
IV. I-V Characteristics (CPP Geometry) at Zero Magnetic Field.  
Figure S4 below shows the zoomed-in zero-field I-V characteristics. No non-linearity has been 
observed and these characteristics are very similar to the high-field I-V data. Thus magnetic field 
induced switching of current path can be ruled out as a possible cause of the observed MR effect. 
 
Figure S4. Magnified plot of the zero-field I-V characteristics shown in Figure 3b (main text). 
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V. Magnetoresistance (MR) Measurements on Ni Substrates. 
For all magnetoresistance (MR) measurements, Model 642 electromagnet power supply and 
Cryotronics 332 Controller (Lakeshore) have been used as electromagnet current source and 
temperature controller respectively. Picotest M3500 multimeter has been used to directly extract 
the resistance of the device. Each resistance value is the average of 50 readings. The measured 
resistance values have been independently validated by a Keithley Model 2636 dual-channel 
system source meter. A 475 DSP gauss meter has been used to record the magnetic field values. 
All equipments have been synchronized by LabView VI for data acquisition. 
Anisotropic magnetoresistance (AMR) of the bottom Ni contact has no effect on the observed 
MR data due to the following reasons: (a) the typical AMR effect is ~1% (Figure S5), whereas 
we have observed ~104% MR in Figure 2, (b) the CPP resistance of the Ni substrate is ~100 
times smaller than the CPP resistance of MLG/Ni composite and hence any MR of Ni substrate 
will be negligible in the MR of MLG/Ni composite and (c) CPP resistance of the composite 
exhibits a semiconducting temperature-dependence (Figure 3a, main text) and not a metallic 
temperature-dependence as shown below. Thus we can rule out possibility of any artifact due to 
AMR of Ni. Based on above considerations we can also rule out the possibility of any pinhole 
short between top Ag contact and bottom Ni substrate. 
 
Figure S5. Typical AMR response of Ni foil substrate. The symbols indicate scan directions. 
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VI. AFM Image of Multilayer Graphene Grown on Ni Foil.  
 
Figure S6. Atomic Force Microscopic (AFM) image of CVD-grown MLG-on-Ni.  
We used AFM (Asylum Research, MFP-3D) under ambient conditions with a standard 
tetrahedral silicon tip (Olympus, OMCLAC160TS-W2) located at the end of a silicon cantilever 
to get surface roughness profile of CVD-grown MLG-on-Ni. Under AC mode, the typical values 
of force constant, resonant frequency and scan rate were 42 N/m, 300 kHz and 1 Hz respectively. 
The radius of curvature of the tip is < 10nm. 
VII. CPP MR of MLG CVD-Grown on Cu.  
 
Figure S7. (a) Raman characteristics of MLG (~ 8 layer) CVD-grown on copper (ACS 
Materials). The bottom scan is taken from the grain boundary region, which shows a significant 
defect (D) peak. (b) CPP-MR of MLG/copper, showing weak localization at low field, which 
disappears at higher temperature. This is consistent with ref.16, which studied MLG on Cu, 
prepared by a layer-by-layer transfer process. 
	   11 
VIII. Raman Characterization of Highly Oriented Pyrolytic Graphite (HOPG). 
Figure S8 below shows Raman spectrum of HOPG graphite (SPI supplies, SPI-1 grade, 10 x 10 
x 1 mm). The two characteristic peaks of HOPG occur at ~ 1580 cm-1 and ~ 2718 cm-1 (Figure 
S8) which are commonly labeled as G and 2D peak respectively17,18. The 2D peak for HOPG is 
asymmetric (inset of Figure S8), consists of two shifted Lorentzian components and the higher 
intensity component appears at higher frequency side.  
 
 
Figure S8: (main image) Raman spectrum of HOPG from SPI supplies. (inset) Magnified 2D 
peak and the Lorentzian fits. 
 
IX. CPP MR of MLG Transferred on Au and Ni Electrodes. 
As mentioned in the main text, the MLG samples transferred on Au and Ni electrodes do not 
exhibit any large negative CPP-MR, but show a weak positive CPP-MR instead. The CPP-MR 
responses of these transferred samples are shown below (Figures S9, S10). As noted before, 
unlike as-grown samples, the transferred MLG exhibits a shoulder in the 2D Raman band (Figure 
S2). 
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Figure S9. (a) CPP-MR of MLG (Ni-grown) transferred on Au contact and (b) CPP-MR of 
MLG (Ni-grown) transferred on Ni contact (Magnified image is shown in Figure S10 
below). No weak-localization related negative MR has been observed due to presence of 
larger number of graphene layers. This is also consistent with ref.16. The transferred MLG 
exhibits shoulder peak in Raman 2D band (Figure S2). 
 
 
Figure S10. Positive CPP MR (magnified) of MLG transferred on Ni electrodes. 
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X. Switching Magnetic Field as a Function of Temperature. 
It is clear from Figure 2 (main text) that the sharp drop in CPP resistance takes place near a 
“switching magnetic field (BSW)”. Figure S11 below shows the temperature dependence of the 
switching field. In this plot BSW is taken to be the field value at which resistance decreases to 
50% of its zero-field value. A weak increasing trend has been observed which is consistent with 
the interlayer tunneling model since at higher temperature higher magnetic field will be needed 
to overcome thermal broadening. 
 
Figure S11. Switching magnetic field as a function of temperature. 
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